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Preface

The Center for Modeling of Turbulence and Transition (CMOTT), a co-
operative turbulence research team, was formally established in May of 1990
as a focal group within the Institute of Computational Mechanics for Propul-
sion (ICOMP). The location of CMOTT is shown in the organization struc-
ture chart in Appendix A. The objectives of the CMOTT are to develop, vali-
date and implement the models for turbulence and boundary-layer transition
in practical engineering flows. The flows of interest are three-dimensional,
incompressible and compressible flows with chemistry. The schemes being
studied include the two-equation (e.g. k-€) and algebraic Reynolds-stress
models, the full Reynolds-stress (or second moment closure) models, the
probability density function (pdf) models, the Renormalization Group The-
ory (RNG) and Direct Interaction Approximation (DIA), the Large Eddy
Simulation (LES) and Direct Numerical Simulation (DNS). '

Currently, CMOTT has eight formal members working on various as-
pects of turbulence and transition modeling in collaboration with NASA-
Lewis scientists and Case Western Reserve University (CWRU) faculty mem-
bers. The CMOTT members have been actively involved in international and
national turbulence research activities through meetings, seminars, work-
shops and exchange-visitors. Since June of 1990, a CMOTT seminar series
has been conducted with speakers invited from within and outside of the
NASA Lewis Research Center, including foreign speakers. In 1991, a new
series of biweekly CMOTT technical meetings was initiated for informal dis-
cussions regarding special issues in turbulence and transition modeling. The
CMOTT research activity is advised by a group consisting of Professor J.L.
Lumley (Cornell University), Dr. M. Goldstein (NASA /LeRC) and Professor
E. Reshotko (CWRU).

This research brief contains the progress reports of the CMOTT Re-
search staff from May 1990 to May 1991. It is intended to be an informational
report of the CMOTT activities as well as an annual report to ICOMP and
NASA. The current CMOTT roster and its organization are listed in the
Appendix A. Listed in Appendix B.1 are the visiting members and their
seminar abstracts. Appendix B.2 gives the scientific and technical issues dis-
cussed in biweekly CMOTT meetings. Journal and conference publications
by CMOTT members are grouped in Appendix C.
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Starting in 1991, NASA Technical Memoranda authored by members of
the CMOTT staff will be given a specific number to identify them as CMOTT
reports. These manuscripts will be made available for early dissemination of
completed research results by the CMOTT staff.

Finally, we express our thanks to one of the CMOTT members, Dr.
William W. Liou, who carefully assembled the material and provided edito-
rial assistance.

Louis Povinelli
Meng-Sing Liou
Tsan-Hsing Shih
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The Study of PDF Turbulence Models in Combustion
Andrew T. Hsu

1. Motivation and Objectives
1.1 Motivation

The accurate prediction of turbulent combustion is still beyond reach
for today’s computation techniques. It is the consensus of the combustion
profession that the predictions of chemically reacting flow were poor if con-
ventional turbulence models were used. The main difficulty lies in the fact
that the reaction rate is highly non-linear, and the use of averaged temper-
ature, pressure and density produces excessively large errors. The proba-
bility.density function (pdf) method is the only alternative at present time
that uses local instant values of the temperature, density, etc., in predicting
chemical reaction rate, and thus is the only viable approach for turbulent
combustion calculations.

1.2 Objectives

The present work aims at the development and implementation of the
the pdf turbulence models in solving realistic combustion problems. The fact
that the pdf equation has a very large dimensionality renders finite difference
schemes extremely demanding on computer memories and thus impractical,
if not entirely impossible. A logical alternative is the Monte Carlo scheme,
which has been used extensively in statistical physics. However, the use of
Monte Carlo scheme to solve both the flowfield and the chemical reaction is
very time consuming. Further more, since CFD has reached a certain degree
of maturity as well as popularity, it seems less beneficial to abandon CFD
completely and opt for Monte Carlo schemes. Therefore, we propose the
use of a combined CFD and Monte Carlo scheme in the present study. The
scheme would use the conventional flow solvers when calculating the flowfield
properties such as velocity, pressure, etc., while the chemical reaction part
would be solved using Monte Carlo solvers.



2. Works Accomplished

2.1 Code development.

A parabolic code with k£ — € turbulence models have been developed
in the past months. Three different £ — ¢ models have been tested with
satisfactory numerical resuits.

A grid dependent Monte Carlo scheme is being explored. This scheme
discretize the pdf equation on a given grid and write, for parabolic flows:

PZ-‘l"dI,j = a]ﬁz’]+l + 'Bj]sz,j + 7.7?11]_1 (1)
and we require
a;j + B+ =1 . (2)

Using a very simple test case of a convection/diffusion process with two
scalars, it was found that the previous scheme does not conserve mass frac-
tions due to re-contamination. It is found that in order to conserve the
mass fractions absolutely, one needs to add further restriction to the scheme,
namely

| aj +7; = aj1 + Y (3)

A new algorithm was devised and is currently being tested. Again using
the simple test case of two scalars with assumed constant coefficients in the
pdf equation, the new algorithm is shown to conserve the mass fractions
perfectly in cases of uniform flows or pure diffusion problems. Deficiencies
such as directional bias and re-contamination that were found in the previous
algorithm are completely eliminated.

2.2 Applications.

The code developed has been validated by solving a heated turbulent
jet. The temperature is treated as a conserved passive scalar and solved
using the pdf Monte Carlo simulation while the flow field is obtained using
a conventional CFD solver. The mean temperature profile and RMS of the
temperature fluctuation were compared with experimental data.

As a first application to combustion problems, the non-premixed flame
of hydrogen and fluorine is being studied. A comparison between primary
results from the present study and experimental data show that the present
scheme predicts the mean flame temperature accurately.



3. Future Plans

1. Further investigate the case of hydrogen-fluorine reaction.

2. Study finite rate calculation of the same non-premixed flame.
3. Study the interaction between mixing and chemical reaction.
4. Study compressibility effects.

4, Publications

1

Hsu, A.T., “The Study of PDF Turbulence Models in Combustion,”
9th National Aero-Space Plane Technology Symposium, November 1-2,
1990.

Hsu, A.T., “ On Recontamination and Directional Bias Problem in
Monte Carlo Simulation of PDF Turbulence Models,” NASA CFD Con-
ference, April 12-14, 1991, Moffett Field,California.

Hsu, A.T., “Progress in the Development of PDF Turbulence Models for
Combustion,” 10th National Aero-Space Plane Technology Symposium,
April 23-25, 1991, Monterey, California.

Hsu, A.T., “The Study of PDF Turbulence Model in Nonequilibrium
Hydrogen Diffusion Flames” AIAA Paper 91-1780, Honolulu, Hawaii,
June, 1991.
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Turbulence Modeling
Tsan-Hsing Shih

1. Motivation and Objectives

(1) Examine the performance of existing two-equation eddy viscosity mod-
els and develop better models for the near-wall turbulence using direct
numerical simulations of plane channel and boundary layer flows.

(2) Use the asymptotic near-wall behavior of turbulence to examine the
problems of current second-order closure models and develop new models
with the correct near-wall behavior.

(3) Use Rapid Distortion Theory to analytically study the effects of mean
deformation (especially due to pure rotation) on turbulence, obtain
analytical solutions for the spectrum tensor, Reynolds stress tensor,
anisotropy tensor and its invariants, which can be used in the turbu-
lence model development.

(4) Explore the potential of the renormalization group (RNG) theory in
turbulence modeling. '

(5) Modeling of compressible turbulent flows.

(6) Modeling of bypass transition.

2. Work Accomplished and Ongoing Work
2.1 k-¢ model

The k-e model is still the most widely used model for computing engi-
neering flows. We have examined the near-wall behavior of various eddy
viscosity models proposed by different researchers, and have studied the
near-wall behavior of the terms in the k-equation budget. We found that
the modeled eddy viscosity in many existing k-e¢ models does not possess
correct near-wall behavior and the pressure transport term in the k-equation
1s not modeled appropriately. Based on the near-wall asymptotic behavior of
the eddy viscosity and the pressure transport term in the k-equation, a new
set of improved closure models has been obtained. In addition, a modeled
equation for the dissipation rate is derived more rationally. This work is
reported in NASA TM 103221 ICOMP-90-16[11.

In addition, all the existing two-equation models (except Jones & Laun-




der model, which unfortunately does not work well even for some simple
flows) have an “unacceptable” wall distance parameter (y*) in their eddy
viscosity damping function f,(y*). This will result in an unphysical zero
eddy viscosity near the separation region. In addition, y* can not be well
defined in many flows with complex geometry. To remove this deficiency,
Dr. V. Michelassi, Dr. A. Hsu and I proposed two new eddy viscosity damp-
ing functions, and both of them are independent of the wall distance. The
new models have been satisfactorily tested in channel and boundary layer
flows. This work is reported in two papers: AIAA-91-0611(2] and NASA
TM/ICOMP/CMOTTPI.

2.2 Second order modeling of near-wall turbulence

The main emphasis is on developing a near-wall turbulence model for
the velocity pressure gradient correlation and the dissipation tensor in the
Reynolds-stress equation. A modeled dissipation rate equation is also derived
more rationally. Near a wall, a reduction in velocity fluctuations normal to
the wall becomes significant. Because of this wall effect, the viscous diffusion
term in the Reynolds-stress equations becomes the leading term and it must
be properly balanced by the other terms. We have used this as a model
constraint for developing a model for the pressure and dissipation terms. To
test the models, a fully developed channel flow and boundary layer flows
are chosen as the test flows, for which direct numerical simulations and ex-
perimental data are available for comparison. The modeled Reynolds stress
equations for the channel flow are steady one-dimensional, and for bound-
ary layer flows are steady two-dimensional. Therefore model testing will be
very accurate. This part of workl! is reported in the paper: Proceedings
of the International Symposium on Engineering Turbulence Modeling and

Measurements and NASA TM 103222 ICOMP-90-0017.

2.3 Second order modeling of a three-dimensional boundary layer

A study of three-dimensional effects on turbulent boundary layer was
achieved by the direct numerical simulation of a fully developed turbulent
channel flow subjected to transverse pressure gradient (see Physics of Flu-
ids, Vol.2 N0.10, 1990, pp. 1846-1853). The time evolution of the flow was
studied. The results show that, in agreement with experimental data, the
Reynolds stresses are reduced with increasing three-dimensionality and that,
near the wall, a lag develops between the stress and the strain rate. In ad-
dition, we found that the turbulent kinetic energy also decreased. To model
these three-dimensional effects on the turbulence, we have tried different
two-equation models and second order closure models. None of the current




closure models can predict the reductions in the shear stress and turbulent
kinetic energy observed in direct numerical simulations. Detailed studies
of the Reynolds-stresses budgets were carried out. One of the preliminary
conclusions from these budget studies is that the velocity pressure-gradient
term in the normal stress equation (v?) plays a dominant role in the re-
duction of shear stress and kinetic energy. These budgets have been used
to guide the development of better models for three dimensional turbulent
boundary layer flows. This work(’] was presented in the American Physical
Society Forty-Third Annual Meeting, November, 1990.

2.4 The effect of rotation on turbulence

In addition to the above studies of second order closure models, we have
carried out some RDT analysis on simple homogeneous turbulent flows. An
order of magnitude analysis shows that under the condition of S(g%)/e >
VR, the equations for turbulent velocity fluctuations can be approximated
by a linear set of equations, and if S(g*)/e > R‘;‘/ *, then the turbulent ve-
locity equations can be further approximated by an inviscid linear equation.
Therefore, RDT can be used to analytically study some very basic turbulent
flows, such as, homogeneous shear flows, irrotational strain flows and pure ro-
tational flows. This work focuses on the effect of rapid rotation on turbulence
using RDT. We have obtained analytical expressions for velocity, the spec-
trum tensor, Reynolds-stress, the anisotropy tensor and its invariants. The
solutions show that the turbulence is strongly affected by the rapid rotation.
Using RDT, we can calculate the rapid pressure-stain term exactly and we
can obtain very useful information for developing corresponding turbulence
models. See the report!®! for this work.

2.5 Renormalization Group Theory (RNG) in turbulence modeling

RNG method has been introduced to the turbulence modeling mainly in
the Large Eddy Simulation (LES) of turbulence with a subgrid scale model.
One also attempted to use it to develop Reynolds-averaged turbulence model
equations, for example, k-e¢ model equations. However, we found that there
are a few fundamental concepts and important procedures used in the deriva-
tion of those model equations which are not clear and well justified. Dr. Z.
Yang and I are working on this subject and try to explore the potential of
RNG in the turbulence modeling.

2.6 Modeling of compressible turbulent flows

The turbulence models for compressible flows are of great interest in hy-
personic flows and turbulent combustion. The modeling scheme greatly de-



pends on the averaging schemes (i.e., conventional average, density weighted
average and mixed average) used in the turbulence equations. We start with
the analysis of the turbulent equations derived from the different averaging
schemes to see what kind of averaging scheme is most convenient for both
turbulent modeling and applications in CFD. We concentrate on the second
order closure model (i.e. Reynolds stress model) and two-equation model.
Dr. W. Liou and I are working on this subject. See Referencel”l for the first
report on averaging schemes for compressible flows.

2.7 Modeling of bypass transition

Most common transition phenomena occurred in engineering flows are
bypass transition. A few papers on modeling of transition with turbulence
models show that the bypass transition can possibly be modeled with the
modified turbulence models developed solely for turbulent flows. However,
most of the work in this direction was based on the parabolic two-equation
models. We expect that the bypass transition phenomena will be more ap-
propriately described by the elliptical equations. Then, the prediction of
normal stresses becomes important. Because of the inability of modeling
normal stresses with the two-equation models, we are pursuing the ellipti-
cal Reynolds stress model equations for the bypass transition studies. Dr.
Z. Yang and I are working on the improvement of our previous near-wall
Reynolds stress model for the purpose of modeling bypass transition.

2.8 Modeling of scalar turbulence:

Modeling of scalar turbulence is of great importance in turbulent heat
transfer. Eddy viscosity models often fail in the prediction of heat trans-
fer in many shear flows. We have developed a set of second order closure
models based on the joint realizability (between velocity and scalar) and the
experiments. Dr. A. Shabbir and I are working on this subject. A paperl®]

was presented in the Lumley Symposium: Recent developments in turbulence,
November, 1990.

3. Publications:

1. Shih, T.-H., 1990, “An Improved k-e Model for Near-Wall Turbulence
and Comparison with Direct Numerical Simulation,” NASA TM 103221
ICOMP-90-16.

2. Shih, T.-H. and Hsu, A.T., 1991, “An Improved k-¢ Model for Near-Wall
Turbulence,” AIAA-91-0611.



10.

Michelassi, V. and Shih, T.-H., 1991, “Low Reynolds Number Two-
Equation Modeling of Turbulent Flows,” NASA TM 104368, ICOMP-
91-06, CMOTT-91-01.

Shih, T.-H. and Mansour, N.N., 1990, “Modeling of Near-Wall Turbu-
lence,” Proceeding of the International Symposium on Engineering Tur-
bulence Modeling and Measurements, September, 1990, Dubrovnic, Yu-
goslavia, Editors: W. Rodi, E.N. Ganic. or, NASA TM 103222 ICOMP-
90-0017.

Shih, T.-H., 1990, “Modeling of 3D Turbulent Boundary Layer Flows,”
American Physical Society Forty-Third Annual Meeting, 1990, Cornell,
U. Ithaca, New York.

Shih, T.-H., 1991, “Rapid Distortion Theory on Homogenous Turbu-
lence with Rapid Rotation,” CMOTT Report.

Liou, W.W. and Shih, T.-H., 1991, “On the Basic Equations for the
Second-order Modeling of Compressible Turbulence,” CMOTT-91-06.

Shih, T.-H. and Shabbir, A., 1990, “Advances in Modeling the Pressure
Correlation Terms in the Second Order Moment Equations,” the Lum-

ley Symposium: Recent developments in turbulence, November, 1990,

ICASE, NASA Langley Research Center, Edited by T.B. Gatski, S.Sarkar
and C.G. Speziale

Shih, T.-H., 1990, “Advancements in Engineering Turbulence Model-
ing,” 9th NASP Technology Symposium, Paper-105, November, 1990,
Orlando FL.

Shih, T.-H., Chen, J.-Y. and Lumley, J.L., 1991, “Second Order Mod-
eling of Boundary Free Turbulent Shear Flows,” ATIAA 91-1779.
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Experiments and Modeling

Aamir Shabbir

1. Motivation and Objectives

The usual approach in establishing the correctness and accuracy of tur-
bulence models is to numerically solve the modeled differential equations
and then compare the results with the experiment. However, in the case
of a discrepancy, this procedure does not pinpoint where in the model the
drawback lies. It is also possible that the model overcompensates one phys-
ical phenomenon and undercompensates the other so that the net result is
a good agreement between the two. Therefore a more desirable approach is
to directly compare the individual terms in the equations with their mod-
els. To achieve this objective primarily physical experiments have been used
to carry out the second moment budgets. These can then be used to ana-
lyze and assess various models and closure assumptions and seek improve-
ments/modifications where models prove deficient.

2. Work Accomplished

2.1 Evaluation and Development of Turbulence Models for Pres-
sure Correlations.

A direct comparison between the pressure strain and pressure temperature-
gradient correlations and their closure models is carried out. The flows used
include both physical and numerical experiments on homogeneous shear flows
and physical experiments on buoyant plumes. Models considered include
both the linear and the more elaborate non-linear ones. It is found that
the non-linear models provide a much better agreement with these experi-
ments than the linear ones. A new model for the slow part of the pressure
temperature-gradient correlation is also derived using joint realizability con-
cept.

2.2 On the Ratio of Mechanical to Thermal Time Scales in Tur-
bulent Flows.

The ratio of these time scales is very often employed in the two equation
turbulence models. The study of Béguier et al (1978) recommended this



ratio to be around 2.0. The current analysis using the buoyant plume and
homogeneous shear flow experiments shows that this value is about 3.0. It
is shown that this departure from the commonly used value is a consequence
of the local equilibrium assumption being not satisfied by these experiments.

2.3 Turbulent Buoyant Transport - A Comparative Study between
Models and Experiments.

The more popular gradient diffusion type models for the turbulent trans-
port (third moments) were found to underestimate the experiment by an
order of magnitude. More complex models (André et al 1976, Lumley et
al 1978), based on the simplification of exact transport equations of third
moments, do a much better job in reproducing the third moments although
the results are still less than satisfactory.

2.4 Experimental Balances of Second Moment Equations for a
Buoyant Plume.

Despite large volume of work on second moment closure, there is very
little experimental information available about the budgets of the second
moments. Part of this reason stems from our inability, at present, to mea-
sure the pressure correlations. Experimental budgets for Reynolds stresses
and heat fluxes have been carried out for a boundary free shear flow (round
plume) and the pressure correlations are obtained as the closing terms in
these budgets. These budgets show how different terms in the equations are
distributed across the flow and can be used to analyze some of the modeling
assumptions. For example they show that the assumption of local equilib-
rium is not justified for bulk of the flow field - an idea fundamental to the
algebraic stress models.

2.5 X-wire Response in Turbulent Flows of High Intensity Turbu-
lence and Low Mean Velocities.

This work is based on an experimental study, which was carried out at
SUNY/Buffalo, of angular response of an x-wire, at low velocities (0.25m/s
to 1m/s). It is found that the k-factor in the modified Cosine Law is strongly
velocity dependent. The implications of this on multi component turbulence
measurements are explored. Expressions are also derived for evaluating when
the cross-flow errors begin to affect x-wire measurements.

10




2.6 Modeling of Turbomachinery Flows using the Average Passage
Approach.

Turbomachineray flows are turbulent and unsteady and numerical calcu-
lation of a flow in a multistage machine, at present, 1s not possible. However,
the effects of periodic unsteadiness can be accounted through the models for
deterministic stresses which arise in the average passage equation set (Adam-
czyk 1985). Exact equations governing the transport of these stresses have
been derived and a two equation model is being developed and tested at
present. The model uses ideas from turbulence modeling such as the gradi-
ent diffusion type hypotheses. This work is being performed in collaboration
with J. Adamczyk of the Lewis Research Academy, at the NASA Lewis Re-

search center.

3. Future Plans

3.1 Study the effect of buoyancy on turbulence by computating flows using
turbulence models. In addition to environmental flows, such a work also
has industrial applications e.g. cooling of nuclear reactors and electronic
components, and “geyser” formation in fuel tanks in microgravity.

3.2 Seek improvements in the models for turbulent transport. In general
the transport is not too important in most of the turbulent flows but in
some applications, e.g. geophysical flows, the modeling of the transport
could be critical in the success of a computation.

3.3 Seek improvements in the existing two equation models by incorporating
newer models for pressure correlations etc.

3.4 Assess the models for deterministic stresses in a multistage turboma-
chinery environment.

4. Publications

1. Pressure Correlations in the Reynolds Stress and Heat Flux Equations
- A Comparison between Experiment and Models. A. Shabbir. APS
Bulletin, Vol. 35, No. 10, Nov. 90, Abstract KC4.

2. Evaluation of Turbulence Models for Predicting Buoyant Flows. A.

Shabbir and D.B. Taulbee. J. Heat Transfer, 1990, Vol 112, No 4, pp
945-951.

3. Experiments on Round Turbulent Buoyant Plumes. A. Shabbir and

11



W.K. George. Under review for publication in J. Fluid Mechanics.

4. Advances in Modeling Pressure Correlation Terms in the Second Mo-
ment Equations. T.-H. Shih and A. Shabbir. Presented at the Sympo-
stum honoring J. Lumley’s 60th birthday, November 90, NASA Langley
Research Center.

5. X-wire Response in Turbulent Flows of High Intensity Turbulence and
Low Mean Velocities. A. Shabbir, P.D. Beuther, and W.K. George.
Submitted to Ezperimental Thermal and Fluid Science.

5. References

Adamczyk, J. J. “Model Equation for Simulating Flows in Multistage
Turbomachinery”, ASME Paper No. 85-GT-226. (1985)

André J.C., G. De Moor, P. Lacarrére and R. du Vachat “Turbulence
Approximation for Inhomogeneous Flows: Part I. The Clipping Approx-
imation”, J. Atmos. Sci., Vol. 33, pp. 476-481, (1976)

Béguier, C., I. Dekeyser and B. E. Launder “Ratio of Scalar and Velocity
Dissipation Time Scales in Shear Flow Turbulence” ,” Phys. Fluids, Vol.
21, pp. 307-310 (1978).

Lumley, J. L., O. Zeman and J. Siess “The influence of Buoyancy on
Turbulent Transport”, J. Fluid Mech., Vol. 84, pp. 581-597 (1978).
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Modeling of Compressible Turbulent Shear Flows

William W. Liou

1. Motivation and Objectives

Despite all the recent development in computer technologies and numer-
ical algorithms, full numerical simulations of turbulent flows are feasible only
at moderate Reynolds numbers and for flows with relative simple geometries.
Turbulence models provide alternatives in the pressing need for the prediction
of turbulent flows and,in fact, have become an important pacing factor for
the successful development of computational fluid dynamics (CFD). With
the advent of supercomputers, however, it has become more affordable to
apply second order closure models in the prediction of flows with complex
effects; such as strong curvature, three-dimensionality and compressibility.
The main goal of this research is to develop new second order moment clo-
sures for compressible turbulence. It has been shown that the models based
on the extension of those developed originally for incompressible flows fail
to predict adequately turbulent flows at high Mach numbers. In this at-
tempt, the compressibility effects will be explicitly considered. A successful
development of these models that take into account directly the compress-
ibility effects may have a range of technological implications in the design of
supersonic and hypersonic vehicles.

2. Work Accomplished

During this early stage of the task, the goal is to obtain an objective yet
comprehensive understanding of the development and the current status of
compressible turbulence modeling. Due to the variable density effects in com-
pressible flows, density correlation terms appear in the governing equations
for the mean flow, if the conventional ensemble averaging technique is ap-
plied. These terms do not exist in incompressible flows and need to be mod-
eled. On the other hand, the mass-weighted-averaging or Favre procedure
generates a set of mean equations that have the similar forms as they are for
incompressible flows. One may then incline to use the incompressible analog
in compressible flow calculations. A simple test, however, should show that a
direct application of the exact incompressible models fails. One of the main
effects that is excluded in incompressible models is the finite propagation



speed of disturbances. In compressible flows, modulation of flow properties
occurs only within Mach cones of influence, with acoustic time delay. This
introduces additional scales for the transport properties. Caution also needs
to be exercised in comparing Favre-averaged calculations with experiments,
since the differences between Favre-averaged and measured quantities may
not be negligible at high Mach numbers.

Compressible turbulence modeling is still in its infancy. This appears
to be true both theoretically and computationally. Recently, a new concept
called dilatation dissipation was proposed. Dilatation dissipation, as op-
posed to the solenoidal dissipation in incompressible flows, accounts for the
viscous dissipation of turbulent kinetic energy due to volume fluctuations.
Models accommodating this effect show the importance of this additional
drain of turbulent kinetic energy in order to obtain adequate model predic-
tions. Dilatation dissipation appears to be among the direct consequencies
of compressibility effects.

Another school of thought on compressibility effects focuses on the
changes of turbulence stiuctures at high Mach numbers. Note that these
structures are identified by using conditional sampling techniques in exper-
iments. Due to the communicability problem between interacting elements,
structures that are highly efficient in extracting energy from the mean flow at
low Mach numbers no longer prevail as the Mach number increases. They are
replaced by structures that are less sensitive to tha Mach number. This se-
lective amplifying behavior is describable by quasi-linear theory, which view
the turbulence energetics as physical manifestations of ongoing nonlinear
instability in turbulent shear flows.

The above mentioned matters are described in detail in an ICOMP/
CMOTT report [1] that is in preparation. Equations for the second order
moments and the mean flow as a result of the application of different averages
will also be given. Modeling methodologies used in compressible flow calcula-
tions will be reviewed. The evaluation process performed during the present
stage of the research has identified avenues that will be pursued during the
next period of this task.

3. Future Plans

(1) Develop second order models for compressible turbulence based on en-
semble averages. This may be assisted by first developing k — € types of
models to identify important mechanisms.

(2) Develop unconventional models that incorporate explicitly the charac-
teristics of the structures of compressible turbulence.



The developed models will be applied to certain benchmark flows with and /or
without chemical reactions.

4. Publications

1. Liou, W. W. and Shih, T.-H., “On the Basic Equations for the Second-
order Modeling of Compressible Turbulence,” CMOTT-91-06, 1991.

2. Liou, W. W. and Morris, P. J., “An Comparison of Numerical Methods
for the Rayleigh Equation in Unbounded Domains,” CMOTT-91-05,
1991.
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RNG in Turbulence and Modeling of Bypass Transition

Zhigang Yang

1. Motivation and Objectives

Since I joined CMOTT on July 1990, I have been working on two
research projects. The first project concerns the Renormalization Group
(RNG) analysis of turbulence and the second project is on the calculation of
bypass transition through turbulence modeling. In addition, the preparation
of two papers on work performed at was completed.

Application of RNG in turbulence was proposed by Yakhot and Orszag
in 1986. RNG is a process which eliminates systematically the small scales,
and represents the effect of those eliminated small scales on the uneliminated
large scales as the changes in the transport properties. It is because of this
property of RNG that Yakhot and Orszag suggested that RNG could be
used as a model builder in turbulence modeling. They also presented a
k — € model in their 1986 paper. However, this paper is lengthy, with many
unstated assumptions. Our aim is first to understand, and to validate the
RNG approach in turbulence through an independent study. We will then
study the possibility of constructing RNG based turbulence models, and try
to proceed to do the turbulence modeling through RNG in parallel with the
classical approach. We will also compare the numerical predictions made by
RNG models and by classical models against data from Direct Numerical
Simulation and against experimental data from different benchmark cases.

In a quiescent environment, the transition is initiated by the instability
of the laminar boundary layer to Tollmien-Schlichting waves. These waves
are amplified with streamwise distance and eventually breakdown into tur-
bulent spots, which are precursors of turbulent boundary layer. While in an
environment with high freestream turbulence, the transition is found to be a
bypass one in which turbulent spots are formed without Tollmien-Schlichting
wave amplification. The formation of turbulent spot is a random process,
and flow within a turbulent spot is almost fully turbulent. This suggests the
possibility of using turbulence modeling to describe and predict the bypass
transition. There have been some works in this direction, primarily using
different versions of two equation models. Bypass transition is predicted, as
the level of the freestream turbulence is increased. However, it is found that
the predicted transition is much sharper than that observed in the experi-
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ment. In addition, the predicted transition depends on the description of the
initial profiles to an certain extent. The works we propose to do are twofold.
1) We will be using a low Reynolds number version of Reynolds stress model
rather than the two equation model. This would bring in more physics, and
hopefully would fit better the complicated flows such as bypass transition.
2) We will be using an elliptic solver rather than a parabolic solver for this
boundary layer transition. This way, we will be able to include the effect of
the leading edge. The testing case will be flow passing a flat plate. Both the
zero pressure gradient case and the non-zero pressure gradient case will be
tested.

2. Work Accomplished

1. Nonlinear dynamics near the stability margin in rotating pipe flow.

The nonlinear evolution of marginally unstable wave packets are studied
in rotating pipe flow. These flows depend on two control parameters, which
may be taken to De the axial Reynolds number Re and the rotation rate g.
Marginal stability is realized on a curve in the (Re, ¢) plane, and we explore
the entire marginal stability boundary. As the flow passes through any point
on the marginal stability curve, it undergoes a supercritical Hopf bifurcation
and the steady base flow 1s replaced by a traveling wave. The envelope of
the wave system 1s governed by a complex Ginzburg-Landau equation. The
Ginzburg-Landau equation admits Stokes waves, which correspond to stand-
ing modulations of the linear traveling wavetrain, as well as traveling wave
modulations of the linear wavetrain. Bands of wavenumbers are identified in
which the nonlinear modulated waves are subject to a side-band instability.

This work[1] was reported in APS/DFD meeting in November 1990. A
paper for this work has been submitted to JFM for consideration of publica-
tion. The paper is co-authored with S. Leibovich of Cornell University. This
work was supported by AFOSR-89-0346.

2. Unstable viscous wall modes in rotating pipe flow. (AIAA Paper No.
91-1801)

Linear stability of flow in rotating pipe is studied. These flows depends
on two parameters, which can be taken as the axial Reynolds number Re and
the rotating rate ¢. In the region of Re > 1 and ¢ = O(1), the most unstable
modes are wall modes. The wall modes are found to satisfy a simpler set of
equations containing two parameters rather than four parameters as in the
full linear stability problem. The set of equations is solved numerically and
asymptotically over a wide range of the parameters. In the limit of Re — oo,
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the eigenvalue reaches the inviscid limit and the eigenfunction shows a two
layer structure. The eigenfunction reaches the inviscid limit over the main
part of the domain, while near the wall of the pipe, the eigenfunction is
represented by a viscous solution of the boundary layer type.

This work[2] is to be presented at the AIAA 22nd Fluid Dynamics,
Plasma Physics and Lasers Conferences, June 24-26, 1991. The paper is co-

authored with S. Leibovich of Cornell University. This work was supported
by AFOSR-89-0346.

3. RNG in turbulence modeling.

This work is done in collaboration with Dr. T.H. Shih of CMOTT. In
this work, we carry out an independent study of the work done in the paper
by Yakhot and Orszag up to their derivation of k£ — € equation. Many of their
results are repeated. However, we also found some discrepances, and some
unclaimed assumptions in their derivations.

3. Future Plans

1. Currently, we are testing and improving the low Reynolds number
version of Reynolds stress model proposed by Shih and Mansour (1990) in
the simple shear flows, such as channel flow and boundary layer flow. This
model is going to be used in the calculation of bypass transition.

2. We will carry an independent derivation of k — € equation using RNG,
and compare it with the one presented by Yakhot and Orszag. We will also
compare the prediction of RNG k — € model with the other £ — € models, in
both the high Reynolds number case and the low Reynolds number case.

4. Publications

[1] Yang, Z. and Leibovich, S. 1990 “Nonlinear dynamics near the stability
margin in rotating pipe flow”, Submitted to J. Fluid Mech.

[2] Yang, Z. and Leibovich, S. 1990 “Unstable viscous wall modes in rotating
pipe flow”, ATAA Paper 91-1801.

5. References

Yakhot, V. and Orszag, S.A. 1986 Renormalization group analysis of
turbulence. J. Sci. Comput. Vol. 1, No. 1, 3-51.

Shih, T.H. and Mansour, N.N. 1990 Modeling of near wall turbulence.
NASA TM-103222, ICOMP-90-0017.
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Turbulence Modeling in Supersonic Combusting Flows

Tawit Chitsomboon

1. Motivation and Objectives

To support the National Aerospace Plane project, the RPLUS3D CFD
code has been developed at the NASA Lewis Research Center. The code
has the capability to solve three dimensional flowfields with finite rate com-
bustion of hydrogen and air. The combustion processes of the hydrogen-
air system are simulated by an 18-reaction path, 8-species chemical kinetic
mechanism. The code uses a Lower-Upper (LU) decomposition numerical
algorithm as its basis, making it a very efficient and robust code. Except
for the Jacobian matrix for the implicit chemistry source terms, there is no
inversion of a matrix even though it uses a fully implicit numerical algorithm.

The main purpose of this work is to incorporate a k-e (two equation)

turbulence model into the RPLUS3D code.

2. Work Accomplished

Since February 1990, when this work was started, some of the more
important accomplishments are categorized as follows:

1) Add a k-€ turbulence model: The model selected is in a high Reynolds
number form. The low Reynolds number form could not be used economi-
cally in the case of a three dimensional flow with chemical reaction since it
demands too much in computer resources. The addition was designed to be
as modular as possible but some interactions with the main code are needed
in order to be more efficient. The first test case tried was a Mach 0.5 flow
over a flat plate. The velocity profile compare very well with the log-law
profile. The friction coefficient also compares well with the Van Driest corre-
lation. More validations will be performed for other flows such as free shear
layer and jet flows.

2) Improved accuracy and convergence rate: According to a stability
analysis of a model equation, it is shown that the RPLUS3D code exces-
sively added artificial damping to the right hand side of the algorithm while
at the same time it overestimated the spectral radii on the left hand side.
These excessive additions would not give an optimum convergent rate. Mod-
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ifications were made such that true directional spectral radii were added to
the left hand side and the artificial damping terms were reduced to optimum
values in accord with the stability analysis.

A test run was made of a Mach 4 flow of air over a 10 degree compression
ramp. It was found that the modified code converged to machine zero about
five times faster than the original code while at the same time it somewhat
improved the shock resolution.

3) Added consistent damping terms at block interfaces: It had been ob-
served that at the block interface of a multi-block grid, wiggles developed.
This happened because the damping terms at the interface were not consis-
tent with those at the interior points.

4) Validated RPLUS3D with laminar flows over flat plates: The test
cases run were for Mach numbers of 0.1, 0.3 and 0.5. Results of all cases
seemed to be good except for the region of high curvature of the velocity
profile near the edge of the boundary layer.

5) Add two dimensional capability to the code: It turned out that this
is not a trivial task especially for a finite volume code like RPLUS3D. It is
nice that now the code can solve a 2D flow without having to carry the 3rd
direction along as a redundancy. There is, of course, no need to maintain a
separate 2D code.

6) Implemented a local time stepping capability: The original code al-
ways ran at a fixed time step of 1 second. For most flows this corresponds to
using a very large CFL number which may not be conducive to a fast con-
vergence rate. With the local time stepping, it was found that an optimum
CFL number was, in agreement with other investigators, around 5 to 7.

7) Implemented implicit boundary conditions: This addition enhanced
the convergence rate by about 30 percent at the expense of a more complex
code and an increase of about 20 percent in CPU time per iteration step.
There seems to be, then , no net advantage of the implicit boundary condition
except maybe in the area of robustness.

8) Changed input file: Instead of having to scan a whole subroutine to
set up a problem, a user now can change numbers in a small file of length
about one page. To start up a run from a previous run one now needs only to
change a parameter in this input file without having to recompile the input
subroutine as before.

9) Solved two 3D hypermixing flow fields of W.Hingst and D.Davis: This
work was performed in collaboration with Dr. A.C. Taylor of Old Dominion
University. My task was to set up the program for these particular problems
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and to generate the grid for one of the problems.

3. Future Plans
The work plan for the year 1991 consists of both basic model implemen-

tations and practical applications of the code :

e Continue to validate the baseline k-¢ model.

e Add compressibility effects to the base line model.

e Apply the base line model to re-solve the 3D flowfields mentioned in the
previous section.
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Development of New Flux Splitting Schemes

Meng-S. Liou and Christopher J. Steffen, Jr.

1. Motivation and Objectives

Maximizing both accuracy and efficiency has been the primary objective
in designing a numerical algorithm for computational fluid dynamics (CFD).
This is especially important for solution of complex 3D systems of Navier-
Stokes equations which often include turbulence modeling and chemistry
effects. Recently, upwind schemes have been well received for both their
capability of resolving discontinuities and their sound theoretical basis in
characteristic theory for hyperbolic systems. With this in mind, we present
two new flux splitting techniques for upwind differencing.

2. Work Accomplished

The first method is based upon High-Order Polynomial Expansions
(HOPE) of the mass flux vector [1]. The present splitting results in positive
and negative mass flux components that vanish at M=0. Thus the error in
the Van Leer scheme which results in the diffusion of the boundary layer is
eliminated. We also introduce several choices for splitting the pressure and
examine their effects on the solution.

The second new flux splitting is based on the Advection Upwind Split-
ting Method (AUSM for short) [2]. In Navier-Stokes calculations, the diffu-
sion error present in Van Leer’s flux splitting scheme corrupts the velocity
vector near the wall. In the AUSM, a proper splitting of the advective ve-
locity component leads to an accurate resolution of the interface fluxes. The
interface velocity is defined using the Mach number polynomial expansion
in the mass flux, then the convective fluxes follow directly. Again, several
choices of pressure splitting are possible among which a simple Mach num-
ber splitting according to characteristics appears to be the best in terms of
accuracy. The scheme has yielded results whose accuracy rivals, and in some
cases surpasses that of Roe’s method, at reduced complexity and computa-
tional effort. The calculation of the hypersonic conical flow demonstrates
the accuracy of the splittings in resolving the flow in the presence of strong
gradients. The second series of tests involving the 2D inviscid flow over a

NACA 0012 airfoil demonstrate the ability of the AUSM to resolve the shock
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discontinuity at transonic speed and the level of entropy generation at the
stagnation point.

In the third case we calculate a series of supersonic flows over a cir-
cular cylinder. The Roe splitting in all conditions and grids tested yielded
anomalous solutions (sometimes referred to as the carbuncle phenomenon),
which could appear as non-symmetric, protuberant, or indented contours.
The AUSM gave expected solutions in all calculations.

The fourth test deals with a 2D shock wave/boundary layer interaction.
This provides an opportunity to accurately resolve a laminar separation re-
gion and to compare the ability to resolve a non grid-aligned shock with
other methods.

3. Future Plans

Future plans are primarily concerned with the AUSM. A detailed sta-
bility analysis for this new technique will be useful. The idea of splitting the
advective velocity opens up a whole family of potential schemes. Therefore, a
comprehensive study of the interaction between various pressure and advec-
tion velocity splitting methods is necessary to optimize both accuracy and
efficiency. Additionally, a 2D turbulent calculation would be a good test of
the scheme’s ability to solve a coupled system of k — € equations.

4. Publications

1. Liou, M.-S. and Steffen, C.J.Jr., “High-Order Polynomial Expansions
(HOPE) for Flux-Vector Splitting,” (to be presented at the ICES’91
Conference, August 11-16, 1991)

2. Liou, M.-S. and Steffen, C.J.Jr., “Development of a New Flux Splitting

Scheme,” (to be presented at the AIAA Tenth CFD Conference, June
24-26, 1991)
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Progress of Simulations for Reacting Shear Layers

Sheng-Tao Yu

1. Motivation and Objectives

In the past six months, the effort was devoted to the development of
a high speed, chemically reactive shear layer test rig. The purpose of the
experiment is to study the mixing of oxidizer and fuel streams in reacting
shear layers for various density, velocity, and Mach number. The primary
goal is to understand the effects of the compressibility upon mixing and
combustion in a fundamental way. Therefore, a two-dimensional shear layer
is highly desirable for its simplicity to quantify the compressibility effects.

The facility consists of a two-stream wind tunnel with two indepen-
dent gas supplies. After passing through flow-management devices located
upstream, each gas stream expands to its predetermined Mach number by
means of a contoured center body and tunnel walls. Various combinations
of flow conditions of high-speed stream and low-speed stream allows for the
systematic study of mixing and reactions of compressible shear layers.

2. Work Accomplished
The RPLUS 2D code is used to calculate the flow fields of different

sections of the test rig. The emphasis was on the supersonic nozzle design,
the vitiation process for the hot air stream and the overall thermodynamic
conditions of the test matrix.

The k — € turbulence model with wall function has been successfully
implemented in the RPLUS code. The k and € equations are solved simulta-
neously and the the LU scheme is used to make it compatible with the flow
solver. The coupling between the flow solver and the k£ — € solver depends
on the turbulence viscosity only, and the k — € solver is separated from the
flow solver to reduce the complexity. The newly developed code has been
used for the compressible shear layer calculations. Many cases of the com-
pressible free shear layer with various convective Mach numbers and density
ratios have been simulated using the compressible & — € solver. The results
are summarized in two technical papers.’® Currently, the k — € solver is a
standard feature in the RPLUS 2D code and the code has been distributed
to the industry and universities through NASP group. Locally, Duncan and
Tsai are using the k — e solver for their research work.




3. Future Plans

Physical phenomena of the reactive free shear layer can not be ade-
quately described by the k — € model coupled with the Reynolds averaged
flow equations. The properties of the vortical flows which dominate the
whole flow field of free shear layers can only be illustrated by time marching
numerical method with accurate spatial resolution. Traditionally, the spec-
trum methods were used for this kind of applications. However, very limited
success has been reported for compressible flows using spectrum methods.
On the other hand, recent development show promising results using high
order central differencing and Essentially Non-Oscillatory (ENO) schemes.
One developed by Lele of Stanford university using high order compact dif-
ferencing is especially interesting. Future work includes Direct Numerical
Simulation (DNS) of Navier Stokes equations for the chemically reactive
flow and application to free shear layers.

In additional to the above mentioned work, I will serve as a consultant
for the £ — € solver in the RPLUS code.

4. Publications

1. S. T. Yu, J. S. Shuen, and Y-L P. Tsai, “Three Dimensional Calculations
of Supersonic Combustion Using a LU Scheme,” to appear in the J. of
Comput. Phys.

2. S.T. Yu, C.L. Chang, and C.L. Merkle, “Solar Rocket Plume/Mirror
Interactions, ” submitted to the J. of Spacecraft and Rockets.

3. S.T. Yu, B.J. McBride, K.C. Hsieh, and J.S. Shuen, “Hypersonic Flows
Simulations with Equilibrium or Finite Rate Chemistry,” submitted to
Computers & Fluids for publication

4. S.T. Yu, “A Convenient Way to Convert 2D CFD Codes to Axisym-
metric Ones,” submitted to J. of Propulsion and Power as a technical
note.

5. S.T. Yu, C.D. Chang, and C.J. Marek, “Modern CFD applications for
the Design of a Reacting Shear Layer Facility,” presented at the AIAA
Science Meeting, 1991.

6. S.T. Yu, C.D. Chang, and C.J. Marek, “Simulation of Free Shear Layers
Using a Compressible k-e Model,” accepted for presentation at the ATAA
Propulsion Conference, 1991.
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Appendix B

Seminars and Technical Meetings

B.1 CMOTT Seminar Seminars

The purpose of these seminars is to exchange ideas and opinions about
the latest developments and current state of turbulence and transition re-
search. The speakers are invited from within and outside of the NASA

LeRC, including foreign speakers. This seminar series complements the in-
formal CMOTT technical group meetings.

The abstracts of the seminars are given below.

29



INSTITUTE FOR COMPUTATIONAL
MECHANICS IN PROPULSION

ICOMP SEMINAR SERIES

Measurements in a Circular Jet of Helium into
Quiescent Air*

by

John L. Lumley
Cornell University

Monday, June 4, 1990
9:00-10:30 a.m.

ERB Building 5, Room 119

The ability to model an inert flow with density fluctuations allows one to model a
diffusion flame with fast chemistry, and gives insight into one aspect of the
dynamics of compressible flows. With this in view, these measurements were
made to calibrate a second order model for such flows. Measurements using
shuttle-mounted hotwire and Way-Libby probes are described. For comparison,
a jet of air into air was also measured. Moments up to fourth order were
computed. The data are used to evaluate various modeling assumptions.
Attempts are made to explain the greater spreading rate of the helium jet.

*From the Ph.D. thesis of N. R. Panchapakesan

Contact: Charles Feiler, PABX 3-6681
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ENGINEERING TURBULENCE MODELING
Present and Future? '

Tsan-Hsing Shih
Center for Modeling of Turbulence and Transition

Wednesday, July 11, 1990
3.00-4:00 PM
ERB Building 5, Room 119

A summary of the present position of eddy-viscosity models (e.g.
k — €) and second-order closure models (Reynolds stress models)
is presented. Typical examples (comparisons between model predic-
tions and experiments) show their abilities as well as their limitations.

Development of more advanced and complex schemes is discussed.
The inclusion of such models into a CFD commercial code is feasible,
but need intensive work - a cooperative effort!

Contact: T.-H. Shih, PABX 3-6680
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FUNDAMENTAL IN-HOUSE EXPERIMENTS
TO SUPPORT THE LEWIS TURBULENCE
MODELING PROGRAM

Edward J. Rice
Inlet, Duct and Nozzle Flow Physics Branch

Wednesday, July 25, 1990
3.00 PM
Building 5, Room 119

The fundamental experiments conducted by members of the Inlet, Duct and Nozzle
Flow Physics Branch of IFMD have been primarily for support of the shear flow control
effort within the Division. Although this support effort is expected to continue, some work
could be diverted (and in time expanded) to support the Turbulence Modeling Program
currently underway within ICOMP. This new emphasis can be accomplished through an
interactive effort between the Numerical Analysts and the Experimentalists. The current
and planned experiments will be summarized in this talk and include: unsteady flow around
airfoils (stationary and oscillating), 2D rapid diffusers (backward facing ramp), aspirated
backward facing step, circular and rectangular jets (subsonic and supersonic), dual stream
supersonic shear layer (annular geometry), and boundary layer transition. A swirl generator
within the plenum of the CW-17, ERB rig allows the addition of swirling flow to any of
the jet or shear layer experiments. The available and planned experimental instrumentation
include: single, X-wire and three-wire hot wire anemometry, single and two element corona
probe, multiple microphone and pressure transducer channels, Schlieren and laser-sheet flow
visualization, and conventional and fiber-optic two-component LDA systems. The new 16
channel anemometry system allows simultaneous measurement with 8 X-wires. Some sample
data will be presented to illustrate the current capability.

This is intended to be a group discussion type of workshop. The presentation will take
30 minutes and will be followed by 30 minutes of discussion between the numerical and
experimental participants. The presentation will be general in nature intended mainly to
acquaint the numerical analyst with the experimental capability which can support the
numerical program through a cooperative effort.

For additional information contact: T.-H. Shih, PABX 3-6680
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CFD-RELATED RESEARCH AT THE
' UNIVERSITY OF BRUSSEL
AND TURBULENCE RESEARCH ACTIVITIES IN
EUROPE

Prof. Charles Hirsch
Vrije Universiteit Brussel

Wednesday, July 25, 1990
1.00 - 2.00 PM
Building 5, Room 119

For additional information contact: L. Povinelli, PABX 3-5818
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CHAOTIC WANDERINGS THROUGH A LAND
OF TURBULENCE MODELS

Russ Claus
Aerothermochemistry Branch

Wednesday, August 8, 1990
3.00 PM
Building 5, Room 119

A turbulence model user details his pursuit of the mythological “correct
answer”. The talk opens with some failed attempts to calculate seperated
flows using a two equation turbulence model. Following this, additional
attempts to achieve the “correct answer” through a series of Direct Nu-
merical Simulations and Large Eddy Simulations will be described and the
limitations of these approaches are highlighted. Finally, a re-examination
of two-equation and a second order closure calculations of a jet in crossflow
will be discussed.

A brief discussion of some turbulence modeling efforts being supported
under the NASA SBIR program will also be described. This includes RNG

modeling with Orszag and Yakhot, and PDF modeling for compressible
flows with Kollman and Farshchi.

For additional information contact: T.-H. Shih, PABX 3-6680
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A COMPARATIVE ANALYSIS OF TWO
EQUATION TURBULENCE MODELS

Nancy Lang
CFD Branch

Wednesday, August 22, 1990
3.00 PM
Building 5, Room 119

Several two equation models have been proposed and tested against
benchmark flows by various researchers. For each study, different numerical
methods or codes were used to obtain the results which were an improve-
ment or success over some other model. However, these comparisons may
be overshadowed by the different numerical schemes used to obtain the re-
sults. With this in mind, several existing two equation turbulence models,
including k- and k-7 models, are implemented into a common flow solver
code for near wall turbulent flows. Calculations are carried out for low
Reynolds number, two dimensional, fully developed channel and boundary
layer flows. The accuracy of the different models is established by com-
paring the turbulent kinetic energy, mean velocity, and shear stress profiles
with the direct numerical simulations and experimental data.

For additional information contact: T.-H. Shih, PABX 3-66S0
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ON LENGTH SCALE EQUATIONS IN
TWO-EQUATION TURBULENCE MODELS

Micha Wolfshtein
Faculty of Aerospace Engineering
Technion, Israel Institute of Technology
Haifa, Israel.

Wednesday, August 29, 1990
3.00 PM
Building 5, Room 119

Two-equation turbulence models show a great survivability between the very successful

mixing length models and the Reynolds stress models. Yet the models are often critisized,
mainly on the wide scatter of the computed results and on the difficulties encountered in the
derivation of a reliable scale equation. The problem has been difficult to resolve due to:
(1) The large resources required for developing solvers and to run test cases on computers;
(i1) The theoretical difficulties to derive turbulence models from the Navier Stokes equations.
The demands from a "good™ turbulence model are difficult to satisfy, and are often conflicting
with one another. This point will be illustrated in a discussion of some possible approaches
to this problem. In particular we shall refer to well established models like the dissipation
or length scale models, as well as newer models like the volume of turbulence or time scale
models. A generalised two-equation turbulence model will be used to demonstrate a possible
approach for the improvement of two-equation models. Finally, a fourth order boundary layer
solver for the generalized two equations model will be presented. The solver can handle both
compressible and incompressible flows, with any two-equation model, with or without wall
functions. Some results will be presented, for a flat plate boundary layer and for unseparated
diffuser flows.

For additional information contact: T.-H. Shih, PABX 3-6680
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EFFECT OF ACOUSTIC EXCITATION ON
STALLED FLOWS OVER AN AIRFOIL

Khairul Zaman
Inlet, Duct and Nozzle Flow Physics Branch

Wednesday, September 5, 1990
3.00 PM
Building 5, Room 119

Experimental results on the subject are to be summarized focussing atten-
tion on post-stalled flows, i.e. flows that are fully separated from near the
leading edge of the airfoil. The excitation results in a tendency towards
reattachement, which is accompanied by an improved airfoil performance,
although the flow may still remain fully seperated. It is observed that with
increasing excitation amplitude, the effect becomes more pronounced but
shifts to a Strouhal number which is much lower than that expected from
linear, inviscid instability of the seperated shear layer. In addition, some
results from a recent experiment on supersonic jets will be briefly reviewed
emphasizing need for collaboration between experiment and computations.

For additional infermation contact: T.-H. Shih, PABX 3-6680
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COMPUTATION OF ELLIPTIC FLOWS USING
LOW-REYNOLDS-NUMBER TWO-EQUATION
MODELS

Vittorio Michelassi
Energy Engineering Department
University of Florence, Italy

" Wednesday, September 19, 1990
3.00 PM
‘ Building 5, Room 119

discussed.

For additional information contact: T.-H. Shih, PABX 3-6680
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Two new low-Reynolds number forms of the k — € model will be presented.
| These exhibit better stability and stiffness characteristics as compared to

the previous formulations. Model generality is improved by formulating
| the damping functions so that they do not depend on the wall distance.
The proposed formulations are compared with eight other low Reynolds
| number two-equation turbulence models by computing the fully developed
\ channel flow and the incompressible flow past a hill. Results are compared
| with available direct numerical simulation and experimental data. The flow

solver is based on the approximate factorization technique and the artificial

compressibility method requiring no (or very little) numerical damping. A
‘ simple linearization technique for the turbulence model source terms based
\ on Taylor series expansion ensures implicit algorithm stability for all the
| models tested. Both numerical accuracy and computational efficiency are
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The usual approach in establishing the correctness and accuracy of turbu-
lence models is to numerically solve the modeled differential equations and
then compare the results with the experiment. However, in the case of a
discrepancy, this procedure does not pinpoint where the drawback of the
model lies. It is also possible that the model overcompensates one physical
phenomenon and undercompensates another resulting in good agreement
between the prediction and experiment. A more desirable approach is to
individually compare each term in the equations with its model. This talk
will focus on such a comparison for the pressure correlations appearing in
the second moment equations. At present these correlations can not be mea-
sured but can be obtained by balancing the turbulent flux and Reynolds
stress equations. Using this approach, pressure correlations will be directly
compared with their models, which range from simple linear to more elab-
orate nonlinear ones. Also results will be shown for a newly developed
model for the return to isotropy part of the pressure temperature-gradient
correlation. The data used is from the homogeneous shear flow and the
buoyant plume experiments as well as from the direct numerical simulation
of homogeneous shear flow.
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The presence of free stream turbulence (FST) in a wall-bounded flow with
heat transfer presents several interaction complexities. These depend upon
(a) the state of the boundary layer, laminar, fully turbulent or transitional,
(b) the nature of FST, especially its “peakiness” or inhomogeneity, and (c)
other complications such as pressure gradient, geometry and cooling. An
investigation is in progress on the possible application of (a) large eddy in-
teraction hypothesis (based on Lumley’s rational description of turbulence)
and (b) spectral analogy between heat and turbulence kinetic energy to the
simplest case of a flat wall, fully developed turbulent boundary layer with
zero pressure gradient when there is heat transfer in the presence of homo-
geneous FST. An extension of the approach to the case of other types of
boundary layers with inhomogeneous FST will be discussed.
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